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50w Thisl J1thout 2daitional sni2iding aven

the first fusion test reactors such as the Fusior Engineering Device will produce
lifetime doses 2t magnet insulator Jocations that exceed the radiation tolerance of

qlass-fabric-filled (gff) epoxies now used.

To explore the possibie use of an alter-

native insulator, tha mechaniial strength of pure and recently available gff poly=
imides was studied as a function of gamma-ray irradiation at 4.9 X to 100 MGy (10

rads). After a Dostirradiation anneal at 307

K the flexure and ccmorassive strengths

3f the gff materials measured at 77 K were reduced by up to 2C. for 150 MGy while the
Jure material cherged little. Testing done at 300 X gave simi lar rasulits, but all
stress values were zbout <0, less. Compared to earlier epoxy studias (2] we find

that, overail. tre aff polyimides are 5 to !

paradly prepared g7vr 2poxies.

~ orogram is under way it ORIL to study the
ireadiation behavior of Jr3anic insulating mate-
r13] that may be used 'n the Zonstruction of
‘arge suoerconducting coils that provide mag-
containment for the olasma in a fusion
or. The use of such materials provides an
ical method for producing not oniy elec-
insulaticn but alsc mecnanical support
ad in coil construc<ion. Although many
s5Tucies on the effects ragiation on grganic
tnsulators exist, there are fou on the nost
fn:nn:.' developed ratar-e’s or vn th2 sinulta-
oJs effects of radiaticn and low terperaturas,
'4w calculations py Engnol~ [i] snow that
out additional protective saielding even the
5t test reactors sucr as the rusion Engineer-
irng Device (FED) will zroduca 1i7tine doses at

bht
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:acnet insulator locaticns that 2xcz2ed the
-2afation tolerance of giass-fabric-filled (gff)
ansxles in present us2.

ce of pure poly-
ure has been
it does not have
e anpiicatinn, Only
12 —aterials bacome
“n in the unirra-
37f epoxies and
For these ree-
croperties of
on specinens
sarma-ray doses
. the service con-
sary that the
B insulators alsn
i za-mughout the life-
345 studies 2] of
izted under the sare
2082 Tound no signif?-

“no sucerior radiation
‘m14e, Yespel, at roc
wnl Or some years, o
nt strength fco-
nsve gff pci
/hucn ha:e

tires more radiation res5istant than com-

icant change in aitner electrizal resistance or
breakdoun voltage.

Tasts in this program were made after irradiz-
tion at 4.9 X and wardaup to room temperature.
This is a meaningtu! orocadure, since it is
expazted that over their lifetime fusion-raactcr
magnets occasionally will be warmed to 300 <.
Jur rnowledge of the strength of insulators
under cyclic conditians is just as essential as
thet under static c2id conditions. Since the
cost of Lestlng at iiguid-fe temperature afze
irradiation without warnwup is many tini2s greazer
than with warmup, ftests of the first type were
axcluded in an effort tg maximize the inforra-
tion we could ootain with available funds.

Tasts without warmup after irradiation on canci-
late materials selectz! from present studies are
essential in future work, Takamura and Kato
recently studied tha pure polyimide, Vespei, ard
various preparations of gne 2poxy, Epon 828,
ifter reactor irrediatign at 5 X to 11 MGy (1.1
v 107 rads). [3] They made postirradiation ta2s:s
at 4.2 and 77 £ without prior warmup. [n the
case of Yespel thev observed virtually no changs
in compressive strength at 77 X in agreement
with the results presented in this repcrt,wnich
were obtained with vrior warmup., A further cor-
narison with our eariiar apoxy 3trd, [2) is
difficult to make because of the dissimilarity
in material preparation. In ganeral, howsver,
there is qualitative agresment between the Two
studies for filled Epon 328.

2. MATERIALS

377 materials were esgecially prepered by coop-
ing manufacturers, wnile the unfilled poiy-
. Vespel, is availaple comnercially. The
allowing 1ist gives tre material designation
s used in this resort and a brief descristion

*Research sponsored by the Division of Research, U. S. Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation,



of eacn, for a description of the gff epoxies
1o wnich the present results are compared, see
Ref. 7Z].

1. VYespel -- (SP-1) unfilled polyimide;
1. ZuPont de Nemours and Company.

oy

-

2. Scauldite -- SPAULDITE® SPAULRAD %
Spauizi ng Fibre Company; a high-pressure lami-
nate czmoosed of aromatic poiyimide resin rein-
forczd with continuous filament € glass-woven
fapric 70-71% by weight.

I, Kerimid -- Kerimid) €31 laminate; MNor-
alex Zivision, VOP, Inc.; a balanced resin of
bisralaimicde and aromatic diamines reinforced
with £ glass-woven fabric 40-60% by weignt.

3. EAPIRIMENTAL DETAILS
3.1 Tszes of Tests and Samplz Specificatione

~a2ns fLr testing flexure and compressive
zas wa2ra divided into two identical grouns,
Tor ijrradiation and the ather for unirra-

atza centrolis. Flexure tests were made at 200

d 77 £, wnile compression :2sts were made only

7 L. Comoression tests of Spauldite were

in the direction paralizl to the glass
jaminations, wnile tests of Kerimid vere

t2l :nd oﬂrpendIcular td the laminations.

0O W

O Lo

1 tem:erature and Jrisntation, making a
¥ 30 control and 30 irradiated specimens.
sra vasts at 77 K on Spauldite and Xerimid
ge in l-point bending, while ail others
=da i{n 4-noint bending «ith 25 mm detwean
5 for both cases. Fracture stress and
flexure modulus were calculated using
zions in the ANSI/ZASTIY D 790-71(73) coda.
ions of the specimens in mm were 1.6 x 3.2
r the flexure sticks and 6.4 d x 12.7 1
comprassion rods.

[ SRS

2.2 Irradiation Conditions

As in crevious experiments [2] the specirens
ware contained in a baskat made of Al screen
wicn «as surrounded by a 0.13-mm-thick Cd
nield, This capsuie was then inserted into the
sampla cnambar of the ORNL Low Temperature
irraciation Facility (LTIF} located at the Sul:
JHIGLC'nc Reactor, The CZ snield convertad 92.
npinging ther~s|-neu:'on flux present in
into gamma rays via an (n,v) reaction.
dination of Cd shiz2id ind ambient gami:
v2 an intensity 37 O MGy (5.3 x 10°
rzds) oer sour with emargies -astly in the range
7.5 12 3 HEV.

7 ire2giation in licuie 2

>ho:n thcg 'ra:
i3. 7 x 1929 n/=2
{(10'% rads)
ect upon the
2doxies. We axpact
~u2 in this experiment

X
-neutroa ‘Tuenc
shpanyin: tae 11D

Ya afe

for the gff polyimides. This is not to say that
fast neutrons are unimportant. In many fusion

reactor magnet locations, fast-neutron fluences
will greatly exceed those we have studied. The
response of the strength of polyimides to fuast-
neutron fluence remains as an important matter

for new study.

As in earlier irradiations, the major sourtes of
damage were gamma rays and energatic fission
fragments. The latter are produced only in fae
gff materiais as a result of the fission of
atoms (present as 5703 in the ziass) >y canture
of thermal neutrons that penetrate the (d
shield, In our earlier reportl2] we incorrectly
stated the glass content in the gff e oxies as
33,7 wt %. Ye now know by reconfirmation from
the manufacturers that the glass content was
66.3 YS %, and hence the energy deposition rate
from fission was 1,25 times that due to
garma rays, and not 0.64 as was stated. In the
oresent experiment the glass content of the
Spauldite was 70 wt %, which is very cigse to
that in the previously studied epox1es. In the
case of Xerimid a value bezwesn 40-30. is given
by the manufacturer, and, of coursa., ¥2.pal nas
no glass. All doses in this report are jiven
only in terms of cnergy deposition by gamma rays,
which is cormon to alil the Taterials. .t s
important to note that while we calcuiate the
add1;10nal dose received by eacn material frem
10g fission {for details see Raf. [2]), there
are insufficien. data to determinz it energy
deposition is a valid criterinn for predicting
property changes which are produced by radia-
tions having different damagz-~oroduction mechan-
isms such as gamra rays and '¥8 {ission fra;-
ments. The calculations gave the followirg
results:

Jose latio

Material 105 fission/garma ray

Yespel
Spauldite
Xerimid

D=0

.3
S

ww

Yalues for the h“icnest dose i3 trz sa—~les were:
Gamma-ray dose 100 MGy (1)]3 rads)
Thermal-neutron fluence 3.1x30¢! n/mS
Fast-neutron fluence 3.7x162C n/md - 0.1 ey
[rradiation time 188 nrs

Yalues for smaller doses are raduced proportion-
ately.

4. RESULTS OF MECHANICAL STRENGTR TESTS

The rasults of all mechanical strength tests of
the polyimides studied in this evperiment are
shown in Fig., 1. For comparison the results for
similarly grepared epoxy materials irradiated
under the same conditicns are shown in Fig. 2.

3.1 Flexure Fracture Stress

Several distinguishing features ara noted Jor



the flexure-strength results:

1. In the unirradiated condition the gff
Kerimid and Spauldite are, respectively, 2.2 and
3.1 times stronger at 77 X than the unfilled
Yespel, and the best, Spauldite, has 903 of the
strength ¢f the gff apoxies.

2. At 100 MGy (10'0 rads) Vespel loses only
%, Kerimid 30%, and Spauldite 38% of initial
strength at 77 X, but the latter remains about
25 - 40% stronger than Xerimid throughout the
antire dose range, possibly bescause of the
greater giass content in Spauldite.

3. At a dose of 284 MGy (2.4 x ]09 rads} the
better gff polyimide (Spauldite) is about five
times stronger than the best gff epoxy (G-11 CR)
for tests at 77 K. At this dose the epoxy prob-
ably has insufficient strength for practical use
while, in contrast, the polyimide ramains usable
to a dose 4 times as large.

4. The well-known temperaturs dependance of
the strength of polyimides (increasing strength
with decreasing temperature) was sbsarved in
both unirradiated and irradiatad specimens.

4,2 Linear Flexure Modulus {(LF)

dith increasing dose the LFM at 77 and 300 X
slightly increased for Yespel and decreasea for
the others. The initial and 100-5y (1010 rads)
values (G Pa) were:

77 L 300 ¥
Yespel 7.5 — 9.6 4.3 — 5.1
Spauldite 29 — 28 28 — 24
Kerimid 27 — 26 26 — 22

4.3 Compressive Strength

In the case of compression tests, all of wnhich
were made at 77 X, Kerimid material was avail-
able to prepare specimens that could be loaded
nerpendicular (Kerimid 1) as well as parallel
(Kerimid 11) to the glass-fabric laminations,
while Spauldite was tested only with loading
parallel to the laminations. The results shown
in Fig. 1 have some notatle features:

1. In the unirradiated condition the
Spauldite and Kerimid {! show 2 rmuch smaller
ditference in strength zcrozred to the differ-
ence sezn for flexure strangtn at 77 K, and the
Yarimid ! {s about &C% s<rzager than Kerimid (1.

zr1y linear decrease
red to the slightly
~id¢ 1. Although the
oatns the two mate-
strength at 100 MGy
bout <537 from initial

‘mid, Yespel, shows a
‘~ strength with dose

10 rads).

reaching 8% at 1C0 MGy (10

4. In the case of Kerimid L no logs in
strength was observed for 100 HGy {]010 rads}.
Hithin the scatter of the data a constant-
strength line might represent the behavior
nearly as well as the indicated concave-up curve
which connects average values. Since present
reactor designs show come material stressed per-
pendicular to the 1aminations,]5urther study to
doses greater than 100 MGy (10"~ rads) to deter-
mine the radiatien tolerance for this orienta-
tion could give userul results.

5. RADIOACTIVITY

The thermal-neutron-produced radioactivity of
the materials measured as in [2} was found to
decrease by a factor of 2.5 between one ang four
weeks after the irradiation to 100 MGy (10
rads). Ry comparing the results for the
unfilled Vespel with Spauldite and Kerimid, it
was clear that almost all of the radioactivity
originates in the glass. Further, tre gff poly-
imides gave almost the same results as G-10C2,
which has nearly the same glass content.

6. GAS EVOLUTION

At the end of each of two successive intervals
after irradiatiorn tne gas mixture evoived by all
samples was completely removed and analyzed as
in [2]. It can bte noted in Table I that tne
composition changes markedly with time after
irradiation. The {irst sample shows a much
larger proportion of Ho indicating its more
rapid diffusion out of the material comparad o
the heavier species.

Tabla I
Gases Evolved at 307 X Afte{oirradiatian at

4.9 ¥ to 100 #Gy (10'Y rads)
{10°% grams gas/gram resin}

Interval After Irradiation (Days)

0-1 1-5
H, 14.3 0.2
CH, 0.3 0.5
H,0 0.6 7.4
#, and CO 16.6 23.3
0, 0.02 G.1
€0, 3.9 3.2
CoHy _95.2 0.8
Total 32.3 35.2

If polvimides find use in vacuum and/or coolant
svstems of a fusion reactor magnet, then con-
sideration should be given for methods to nurge
the systems of conteminants shown in Table [
+hich vould evolve during paricdic warm-ups of
th2 magnet systen.
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related data points and are not intended to
give intermediate strength values.

7. CONCLUSIONS

1. The gff polyimide data in Fig. 1 indi-
cate the loss in strength with dose reaches an
average of ~ 35% at 100 Gy (1010 rads). In
comparison Fig. 2 shows no data for the gff
epoxies in the corresponding responsive range
of loss af strength. 7o mzke an approximate
ccmparison between the two materials we assumed
no loss in epoxy strength up to 2 MGy (see
results for G-1C [4]) and a iinear decrease
thereafter to the values indicated at 24 HMGy.
We then ccmpared radiztion doses for 30% and 40%
losses in both flexure and corioressive strength
at 77 X. Overall the ¢pan of comparative
results shows that polyimices are 5 to 10 times
more radiation resistent tnan comparabiy pre-
pared scoxies. Since §7F gsoxies are presently
less expensive than gf¥ polyirmides, it may be
prudent to usa epoxies 2t jower dose rate loca-
ticns., For effective usz acditional epoxy data
between 2 and 20 MGy 2r2 nesdad,

2. The good radiazion stapility and the
genarall- resiiient benaviar o7 Vespel suggest
that it migint -erve 235 £ raciation-resistant
gaskat matsrial.

w

3. As interlayer bonds are weakened by
irradiation the primary failure mode of lamina-
tions changes from tearing of glass-cloth lam-
inae to “delamination,” a separation and sliding
of -adjacent lavers. This effect was seen for
the flexure and parallel orientation compression
tests vhere there were high interlayrer shear
stresses. Since the strength of pure polyimide
was unchanged for doses studied here, we con-
clude that the lgss in laminate strength is due
to deterioration of the glass-to-polyimide
adhesion. [n the case of Xerimid L where
interlayer shear stresses are small, the fail-
ure point probably depends upon how the testing
rig allows skewiny of the stress direction to
develop.

5. In this experiment IOB fission fragment
damage accampanied that produced by gamma rays.
in terms of energy deposition these two types
of radiation were determined to be about =guai
in the aff materials. In his neutronics calcu-
jations for the FED, Engholm {!] finds a
carresponding situation at magnet locations
whare energy deposition by fast neutrons is
about equal to that by gamma rays. At this
time, however, there are not enough data to
determine if energy deposition is a vaiid cri-
terion for predicting property changes produced
by radiations whose daiage~producing mechanisms
differ areatly. For these two situations, how-
ever, 108 fission fragment and fast-neutron
damage are far more comparable with each other
than either is with gamma-ray damage. From
this viewpoint we estimate by comparing the
present results with Enghols's calculations
that the use of gff polyimide materials as mag-
net insulators in the FtDd would make present
designs for shields and magnet coils feasibla.
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